Ninokura, Yoshihisa, Hajime Mushiake, and Jun Tanji. Representation of the temporal order of visual objects in the primate lateral prefrontal cortex. J Neurophysiol 89: 2868 -2873, 2003; 10.1152/jn.00647.2002 . Recollecting a past episode involves remembering the temporal order of events. We studied cellular activity in the lateral prefrontal cortex (PFC) of two monkeys that were required to remember the temporal order in which visual objects appeared and to reach for each object in the same order after a delay. Here, we report the cellular activity in the lateral PFC, focusing on the delay period. We found that 43% of the delay-period activity was selective for the sequence in which the visual objects were presented during the cue period. While the majority of cellular activity was selective for multiple sequences, some cells (31%) were selective for only one of six sequences. Our findings show that PFC cells are involved in holding temporal order information when that information is necessary for planning forthcoming motor behavior.
I N T R O D U C T I O N
Remembering the temporal order of events is an important aspect of episodic memory. When temporal-order memory is necessary to organize motor behavior in the future, how and where in the brain is that information represented? The lateral prefrontal cortex (PFC) has been implicated in temporal-order memory. Milner first reported that patients with prefrontal lesions exhibit impaired memory for temporal order (McAndrews and Milner 1991; Milner 1971) . The lesion effects were confirmed in later studies (Petrides and Milner 1982; Shimamura et al. 1990; Squire 1982) . They were further supported by brain-imaging studies that showed activity foci in the PFC while behavioral tasks were being performed that required the temporal structuring of information that was given to the subject (Cabeza et al. 1997; Petrides et al. 1993) . Lesion studies in subhuman primates also revealed the role of the dorsolateral frontal cortex in serial-order memory (Petrides 1991 (Petrides , 1995 . However, temporal-order representation has not been studied at the level of cellular activity. Here, we report cellular activity that reflects the temporal order of events presented to the subject, when the order information is essential for planning future motor behavior.
M E T H O D S

Animal and apparatus
We used two male monkeys (Macaca fuscata, 6.5 and 5.7 kg) that were cared for according to the National Institutes of Health guidelines and the Guidelines for Animal Care and Use published by our institute. During experimental sessions, the monkeys sat in a chair with their head and left arm restrained and placed their right hand on a touch key in front of the chair. We installed a video monitor equipped with a touch-sensitive screen in front of the monkey, so that it could reach the monitor with its right arm. We used methods, previously described (Hoshi et al. 2000) , to monitor and record single-unit activity, electromyographic (EMG) activity, and eye position, and used the TEMPO/Win system (Reflective Computing) to control the behavioral task and to store behavioral and neuronal data for off-line analysis.
Behavioral task
We trained the monkeys to observe and remember the temporal order in which three visual objects appeared, so that the monkey could plan a subsequent triple-reaching movement in the same order (Fig.  1A) . The task started when the animal placed its hand on the touch pad and gazed at a fixation point (FP) that appeared in the center of the monitor, after an intertrial interval of 5 s. If fixation was maintained for 1 s, the monkey was shown three cue objects, each for 0.5 s at 1-s intervals: a yellow circle, a blue rectangle, and a red cross. Since the three objects appeared in a randomized order, the monkey could not use the ordinal number of their appearance as the source of sequence information (cf. Orlov et al. 2000) . After a delay of 1.5 s (prechoice delay period), the three objects were displayed together (0.5 s) as a choice cue. The objects appeared to the right, left, or bottom of the FP interchangeably. On the GO signal (disappearance of the fixation point), the animal had to touch the three objects in the order of their appearance during the cue period and was rewarded with fruit juice if it did so in the correct order, with a reaction time Ͻ 1 s. While performing the task, we monitored the following muscles bilaterally: the biceps and triceps brachii, deltoid, trapezius, flexor and extensor carpi radialis, supraspinatus, infraspinatus, pectoralis major, rhomboid, and neck and paravertebral muscles. Although the muscles showed movement-related activity, they did not show consistent changes in activity before the actual execution of movements.
imaging technique (LOGIQ ␣ System, GE Medical Systems) (see Tokuno et al. 2000) . Subsequently, we applied intracortical microstimulation (ICMS) through the tips of inserted electrodes (11-44 pulses 200-s wide at 333 Hz, current approximately 5-50 A). In this study, we tentatively defined the frontal eye field (FEF) as the area in the anterior bank of the arcuate sulcus where ICMS evoked saccades (with more than 50% probability), with currents Ͻ 40 A with 11 pulses. The site that we refer to as the lateral PFC was the portion of the prefrontal cortex rostral to the FEF, corresponding to area 46 of Walker, including both upper and lower banks of the principal sulcus, and a part of areas 9 and 12.
Data analysis
We classified a neuron as "task-related" if its distribution of discharge rates (spikes per second) in the six task periods (prefixation, prefirst cue, sample cue and delay, prechoice delay, choice cue, and movement) was significantly different in at least one of six trial types (Friedman test, P Ͻ 0.01, corrected). This report focuses on neuronal activity in the prechoice delay period, and we will deal with the other task periods in a separate report. For the prechoice delay, we used a time window of 1,000 ms preceding the appearance of the choice cue and determined whether the activity was selective for the sequence of occurrence of the three objects during the sample-cue period. We used ANOVA to examine the relationship between neuronal activity and the six sequences in which the three objects were presented. Where appropriate, individual groups of data (for each sequence) were compared pairwise directly using Tukey's multiple comparison test.
R E S U L T S
During single-cell recordings, the two monkeys performed the behavioral task with overall success rates of 82.6 Ϯ 6.9 and 87.3 Ϯ 9.2% (mean Ϯ SD). We confirmed that the success rate did not depend on the sequence of appearance of the three objects used for the sample cues (P Ͼ 0.05, ANOVA). Analysis of EMG and eye movement/position data did not detect any sequence-specific postural adjustments or eye movements in either monkey. We found 487 task-related cells in the PFC at the penetration sites shown in Fig. 1 (for Monkey 1) . This report focuses on cellular activity in the prechoice delay period. Of the 487 PFC cells, 302 exhibited increased or decreased activity during the prechoice delay period compared with the precue period (P Ͻ 0.01, paired t-test). Based on the ANOVA, 129 of 302 prechoice delay cells (43%) were found selective for the sequence of appearance of the visual objects (P Ͻ 0.01). We then performed Tukey's multiple comparison test to examine for which of the six sequences the delay-period activity was different from others (P Ͻ 0.01). We found that for 40 of the 129 sequence selective cells (31%), activity changes for only one of the six sequences were significantly different from others. In the example shown in Fig. 2A , the activity was preferentially larger for the sequence YZX (signifying the order blue rectangle, red cross, yellow circle). It is important to note that the spatial location of each object was randomized in the subsequent choice cue. Therefore the selective activity did not reflect expectation for the spatial configuration of the choice cue or the sequence of reaching movements to the three objects. In the 40 one-sequence selective cells, the selectivity was distributed for all of the six sequences, as shown in Fig. 2B .
The remaining 89 sequence-selective cells (69%) were each selective for more than one of the six sequences. Examples of cells exhibiting selectivity for two, three, and four sequences are shown in to two, three, four, or five of the six sequences is shown in Table 1 . We investigated whether characteristic temporal structures were involved in the sequence to which the 89 cells were selectively active. First, we counted the number of cells that were selective to sequences in which a particular object (such as X) appeared at the first, second, or third positions among the three objects. For instance, cell 1 shown in Fig. 3 was selectively active when object Y appeared first in the sequence. However, the overall occurrence of such putative numericalposition selectivity did not exceed the theoretical probability of FIG. 3. Examples of PFC cells whose delay activity was selective for 2 (left), 3 (middle), or 4 (right) of the 6 sequences. One step in the ordinate denotes 20 spikes/s. appearance (of a particular object at 1st, 2nd, or 3rd numerical positions) in all of the sequences (P Ͼ 0.05, 2 test). We then examined whether the order of any two objects (e.g., X followed by Y) was a significant factor contributing to the selectivity. Such "chunking" of two-object sequences did not activate more cells than was expected randomly (P Ͼ 0.05, 2 test). Furthermore, the activity of 173 cells during the prechoice delay period was not selective to the sequence. The locations of the recording sites of the sequence-selective and nonselective cells are shown in Fig. 1B . Sequence-selective cells were distributed in the central part of the lateral PFC, including the banks of the principal sulcus, and extended into both the dorsal and ventral parts of the periprincipal areas.
D I S C U S S I O N
In this study, we found that cellular activity in the lateral PFC exhibited selectivity to the temporal order of the visual occurrence of objects when the sequence information was important for planning a subsequent motor task. For some cells, the activity was selective for only one of the six sequences, while for others the selectivity was for two, three, four, or five of the six sequences. Since the success rates in achieving the task did not depend on the sequence, the selective activity could not be explained by behavioral variables such as task difficulty, attentiveness to the task, or general arousal. In this behavioral task, the monkey was required to detect three visual objects and to retain the order of their appearance in memory during the prechoice delay period, to prepare for a motor task that involved reaching for the three objects in the same order. The selective activity of prefrontal cells was observed during this period of short-term retention of order information, in preparation for using the information. It is important to note that the monkey had no knowledge of the spatial configuration of the three choice cues during the delay period. Therefore the neuronal activity was not related to planning or preparing actual motor processes that involved reaching for the three spatial targets.
In the present behavioral task, it is theoretically possible for the monkeys to remember the order of appearance of the first two objects and to assign the remaining object to the third temporal position. Although this possibility could not be ruled out, the following two findings made it more likely that the monkeys used the three cues to solve the task. First, in the delay period after the second cue (delay 2), neuronal activity rarely reflected the sequence of cue 1 and cue 2. Instead, the delay 2 activity reflected the second cue only. In most cases, the sequence-selective delay activity did not appear before the prechoice delay period. Second, responses to the third cue were as frequent as responses to the first and second cues, indicating equal attentiveness to the three cues. We wish to report neuronal activity during delay 1 and delay 2, as well as cue responses, in a separate report.
It is well known that damage to the human frontal cortex can cause severe deficits in certain aspects of mnemonic performance. These deficits include impairment in tasks requiring the active monitoring of a series of self-ordered responses (Petrides and Milner 1982) and the recall of the temporal order of stimuli (Milner 1971; Milner et al. 1991; Shimamura et al. 1990 ). In subhuman primates, Petrides (1995) reported that lesions of the dorsolateral frontal cortex impaired memory for the order of a series of visual stimuli. That study extended his previous observations of the impairment of those motor tasks that required the monitoring of the temporal order of selfaction (Petrides 1991) and provided a basis for the view that the dorsolateral PFC is crucially involved in monitoring and manipulating information about the order of events. Our findings support this view and demonstrate how the activity of cells in the lateral PFC take part in representing the order of nonspatial visual information. The cellular activity selective for only one of the six sequences that we found is appropriate for encoding a particular order of appearance of visual objects. On the other hand, cells selective for more than one sequence may participate in encoding the temporal order as a population.
The PFC has been implicated in a variety of cognitive processes, including the short-term storage of visual (Fuster and Alexander 1971; Goldman-Rakic 1987; Miller et al. 1996) and somatosensory (Romo et al. 1999) information. Recent studies have revealed the retention of information at more abstract levels, including rule-dependent (Wallis et al. 2001; White and Wise 1999) , task-selective (Asaad et al. 2000; Hoshi et al. 1998) , and category-specific (Freedman et al. 2001) activity. Concerning the serial-order information, a previous report described PFC activity selective for spatiotemporal patterns of the appearance of visual targets for subsequent sequential saccades (Barone and Joseph 1989) . For instance, in that study, a PFC cell was active selectively when three spatial targets appeared in the order up, left, and right, relative to a fixation point. Such activity could have reflected a particular order of spatial targets or the preparation of three saccades in that order and was interpreted as useful for constructing oculomotor plans to perform multiple saccades with a specific spatiotemporal pattern. The order information that we discovered has implications that differ from those of the previous report in two respects. First, the order-selective information is formulated at a stage before the actual motor behavior is planned, although the information may, in part, reflect the formation of a motor plan at an abstract level (e.g., a plan to reach to a red, blue, and yellow object in that order). Second, the order information is not confounded by spatial-order information, emphasizing the temporal pattern in the occurrence of visual objects. Taken together, our results suggest the manner in which prefrontal cells take part in encoding episodic memory on the order of visual events.
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